Hypertension is a condition in which arterial blood pressure is continuously elevated. To be diagnosed with hypertension when one's systolic pressure is higher than 140 mm Hg, and the diastolic pressure reaches greater than or equal to 90 mm Hg.
INTRODUCTION
Indonesia has the opportunity to develop medicines or herbs that are essential for health. One of the plants having medicinal properties is Gnetum gnemon L. (melinjo). Melinjo is widely available and consumed in large quantities in Indonesia. 1 Hydrolyzed-proteins of melinjo seed had been proven to lower blood pressure of hypertensive rats.
Software
AutoDock4Zn forcefield was used to carry out the molecular docking, while AMBER PMEMD and VMD were used to conduct molecular dynamics simulations. LigandScout 4.09.2 and PoseView were also used to visualize the ligand-ACE binding from molecular docking and molecular dynamics simulations results.
Three-dimensional structure of ACE
The three-dimensional structure of ACE was obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) with identity (ID) 1O86. This protein is a testicular form of ACE (tACE) that contains C domain in the complex with lisinopril. Moreover, the macromolecule was optimized by removing the water molecules and undesired molecules, adding polar hydrogens and Gasteiger charges, and generating the Zn using zinc_pseudo.py.
Three-dimensional structure of ligands
The three-dimensional structure of ligands used in this study were: resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, gnemonoside A, gnemonoside B, gnemonoside C, gnemonoside D, latifolol and aglycone of gnemonoside B. Lisinopril, captopril, and enalaprilat were also used as reference standards of free energy binding value and ligand-ACE interactions. All these ligands were obtained from http://www.pubchem.com. Charges were added to each ligand using AM1-BCC of Antechamber. Furthermore, all ligands were minimized using Sander to establish the relaxed structures. At last, all ligands were converted into pdbqt formats using python before performing the molecular docking.
Methods
Molecular docking was conducted using the AutoDock4Zn force field to generate the grid parameter files (*.gpf) of ligand-ACE complexes. The grid center was set up with the grid center coordinate of x=40.553, y=32.798, and z=47.286. The grid box size used was configured into 40x40x40 Å with 0,375 Å spacing. The molecular docking was performed for 100 times (ga_run = 100). Then, a scoring of free energy binding (ΔG) values of each ligand was performed based on the best energy and best cluster criteria. Furthermore, the visualization of ligand-ACE interactions was performed using LigandScout 4.09.2 and PoseView. The interactions of ligand-ACE complexes were analyzed based on pharmacophores which were compared with lisinopril, captopril, and enalaprilat. Meanwhile, the ligand-ACE interactions based on visualization using LigandScout ( Figure 1) 4.09.2 and PoseView ( Figure 2 ) indicated that each compound isolated from melinjo seeds was able to bind the active site of ACE via hydrogen bonds or hydrophobic interactions. Subsequently, based on Table 2 , several contents were able to bind Zn 2+ ion via cation-pi interactions. Molecular dynamics simulations were carried out at temperatures of 300 K and 310 K within 20 ns for each ligand-ACE complex. The simulation showed that resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, gnemonoside C, and aglycone of gnemonoside B exhibited the free energy binding (∆G) lower and close to lisinopril, captopril, and enalaprilat. Gnemonoside D and trans-piceid were not selected since these ligands were the glucoside of gnetin C and resveratrol respectively that might be hydrolyzed by the hydrolase enzyme. The temperature of 300 K was chosen since it has been the default temperature of molecular dynamics simulations, while the temperature of 310 K was selected in an attempt to follow the heat of a healthy human body. Afterward, each ligand-ACE complex was analyzed on RMSD, RMSF, the hydrogen bond occupancy, free energy binding (∆G) calculations using MM-GBSA and MM-PBSA methods and cation-pi interactions between ligand and Zn 2+ ion.
RESULTS
The results of molecular docking method by using AutoDock4Zn (Table 1) showed that resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, gnemonoside C, and aglycone of gnemonoside B exhibited free energy binding (∆G) values which were lower than or close to the ∆G values of lisinopril, captopril, and enalaprilat. Meanwhile, the ligand-ACE interactions based on visualization using LigandScout ( Figure 1) 4.09.2 and PoseView ( Figure 2 ) indicated that each compound isolated from melinjo seeds was able to bind the active site of ACE via hydrogen bonds or hydrophobic interactions. Subsequently, based on Table 2 , several compounds were able to bind Zn 2+ ion via cation-pi interactions.
Molecular dynamics simulations at a temperature of 300 K ( Figure 3) showed that all ligand-ACE complexes except resveratrol-ACE and trans-ε-viniferin-ACE complexes exhibited the similar pattern of RMSD fluctuation compared to lisinopril-ACE, captopril-ACE, and enalaprilat-ACE. Consequently, these ligands were able to maintain the conformational stability of ligand-ACE complexes to the same extent as lisinopril-ACE, captopril-ACE, and enalaprilat-ACE. The RMSF values of molecular dynamics simulations on both temperature of 300 K and 310 K ( Figure 4 ) indicated that the temperature difference did not affect the RMSF value of each ligand-ACE complex.
As shown in Table 3 , almost all ligands were able to form hydrogen bonds with amino acids in the active site of ACE whose occupancy values were higher than 25% within 20 ns of molecular dynamics simulations at temperatures of 300 K and 310 K. Only resveratrol which did not exhibit the hydrogen bond occupancy greater or equal to 25% at a temperature of 300 K which demonstrated that the stability and the strength of resveratrol-ACE complex were poor. Based on the MM-GBSA method at a temperature of 300 K shown in Table 4 , the lowest ΔG value was exhibited by lisinopril indicating that there was no compound isolated from melinjo seeds which were able to match the affinity of lisinopril towards ACE. However, there were still ligands that had ΔG values smaller than captopril and enalaprilat, such as gnetin C, trans-ε-viniferin, gnemonol K, and aglycone of gnemonoside B. Meanwhile, at a temperature of 310 K, the smallest ΔG was showed by the gnemonol K(-27.15 kcal/mol). Based on the calculation of ΔG by MM-PBSA method at 300 K shown in Table 4 , it can be concluded that lisinopril was the ligand with the smallest ΔG value. Moreover, in the calculation of ΔG with the MM-PBSA method at a temperature of 310 K, gnemonol K and the aglycone of gnemonoside B exhibited lower ΔG value than lisinopril, captopril, and enalaprilat.
Based on Figure 5 , all ligands except resveratrol were able to form relatively stable distance to the Zn 2+ ion. Resveratrol exhibited a very fluctuating distance to the Zn 2+ ion during molecular dynamics simulations within 20 ns at a temperature of 300 K. Meanwhile, at a temperature of 310 K, all ligands were able to form relatively stable distance to the Zn 2+ ion, including resveratrol.
DISCUSSION
Molecular docking method using AutoDock4Zn demonstrated that resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, gnemonoside C, and aglycone of gnemonoside B exhibited ∆G values which were lower than or close to positive controls (Table 1 ). The lower of free energy binding (∆G) values, the better affinity of ligand towards its receptor. Ligands can inhibit ACE catalytic mechanism via ligand-Zn 2+ ion or ligand-amino acids interactions in the active site of ACE. Interestingly, resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonoside C were able to bind the Zn 2+ ion (Table 2) . Therefore, based on the ∆G and visualization interactions result, it suggested that resveratrol, gnetol, isorhapontigenin, trans-piceid, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, gnemonoside C, and aglycone of gnemonoside B potentially have ACE inhibitory activity.
S35
Analysis of RMSD values of ligand-ACE complexes from molecular dynamics simulations was performed to observe changes in protein conformation within a time range of molecular dynamics simulations. 19 Based on Figure 3 , there were several ACE-ligand complexes which showed considerable differences in RMSD values between the molecular dynamics simulations at temperatures of 300 K and 310 K, such as the resveratrol-ACE, trans-ε-viniferin-ACE, aglycone of gnemonoside B-ACE, and enalaprilat-ACE. Some of them exhibited the lower RMSD at a temperature of 300 K, whereas some others showed the lower RMSD at a temperature of 310 K. Therefore, it can be indicated that the temperature affected to the RMSD of the ACE-ligand complexes. Analysis of RMSF values aims to observe the flexibility of proteins occurring in each amino acid residue during molecular dynamics simulations. 20 We focused on the amino acid residues at the active site of ACE, including Gln281, His353, Ala354, Glu384, Glu411, Asp415, Asp453, Lys454, Lys511, His513, Tyr520, and Tyr523. Based on the graphs in Figure 4 , it demonstrated that at temperatures of 300 K and 310 K all ligands that bonded with amino acid residues at the active sites of ACE did not exhibit a high RMSF value, so ligands were able to form stable conformation at the active site of ACE. The temperature differences did not affect the RMSF value between ligands and the active site of ACE. The hydrogen bond occupancy calculations were performed to assess the strength and stability of hydrogen bonds within 20 ns of molecular dynamics simulations. Based on the hydrogen bond strength, the occupancy percentage is divided into three ranges: very weak hydrogen bond (25-50%), likely hydrogen bond (50-75%), and strong hydrogen bond (75-100%). 21 A hydrogen bond is considered to be stable when it has an occupancy higher than 50%. 22 The hydrogen bond occupancy rate was calculated by using VMD with 3.0 Å of the bond cut off distance, and 60° of the bond cut off angle. Based on Table 3 , it can be considered that the hydrogen bond occupancy was likely to change by the 10 K temperature differences. Most ligands exhibited higher occupancy value towards amino acids residues in the active site of ACE at a temperature of 310 K rather than 300 K. It can be concluded that the ACE inhibitory activities of these ligands were better at an average human body temperature. Otherwise, only gnemonol K-ACE and captopril-ACE complexes which had better occupancy at a temperature of 300 K. The hydrogen bond occupancy between enalaprilat and Glu411 at temperatures of 300 K and 310 K were higher than 100%, which indicated that there were two hydrogen bonds occurred between them at the same time.
MM-GBSA and MM-PBSA methods were capable of calculating the free energy binding (∆G) of a ligand towards a macromolecule, either in a solvated state or a vacuum. Based on Table 4 , both MM-GBSA and MM-PBSA methods exhibited different free energy binding (∆G). Also, the 10 K temperature differences led the significant changes in free energy binding (∆G) of some ligands both in the MM-GBSA and MM-PBSA methods. Both methods were able to generate more accurate free energy binding (∆G) values than docking and scoring methods. 23 Fluctuations in interaction distance of aromatic ring in ligands with Zn 2+ ion were observed to assess the stability of the cation-pi interactions that occurred during the simulation of 20 ns molecular dynamics, both at 300 K and 310 K. Then, visualization process was carried out at the closest distance between aromatic ring of ligands with Zn 2+ by using LigandScout 4.09.2 to identify the presence of cation-pi interactions. A cation-pi interaction can occur within a distance of 6.0 Å. 24 Based on the graph in Figure 5 , resveratrol showed a very fluctuating distance to Zn 2+ ion after passing a three ns simulation time which indicated that the cation-phi bond between aromatic ring in resveratrol to Zn 2+ ion only lasted for a short time. Meanwhile, aromatic rings in other ligands were stable at a distance range of 4-7 Å. Based on the visualization process results by using LigandScout 4.09.2 at the closest distance of aromatic ring of each ligand to Zn 2+ ion, resveratrol, gnetol, isorhapontigenin, gnetin C, gnemonol K, and aglycone of gnemonoside B were able to form cation-pi interactions with the Zn 2+ ion at a temperature of 300 K. However, the aromatic ring of resveratrol showed a closer distance with Zn 2+ at a temperature of 310 K compared to 300 K. Meanwhile, the other ligands did not show significant differences in fluctuation of the aromatic ring distance to Zn 2+ ion compared to the 300 K molecular dynamics simulations. Visualization process by using LigandScout 4.09.2 at the aromatic rings of each ligand to Zn 2+ at the closest distance between them, indicated that resveratrol, isorhapontigenin, gnetin C, gnemonol K, gnemonol M, and aglycone gnemonoside B were able to form cation-phi interactions at 310 K. It is necessary to conduct the molecular docking and molecular dynamics analysis of other substances contained in melinjo seed extracts that have not been carried out in this study. Subsequently, it is needed to lengthen the simulation times of molecular dynamics to see further about ligand-ACE conformational changes. Preclinical and clinical tests are also required to perform for proving the ACE inhibitory activity of each substance. Furthermore, toxicity testing of each compound in melinjo seed extract is needed to evaluate the safety of each material when itis consumed.
CONCLUSION
Based on the in silico study through molecular docking and molecular dynamics simulations of several compounds isolated from Gnetum gnemon L., it may be concluded that resveratrol, gnetol, isorhapontigenin, gnetin C, trans-ε-viniferin, gnemonol K, gnemonol M, and aglycone of gnemonoside B potentially have ACE inhibitory activity due to their free energy binding (∆G), RMSD, RMSF, and the hydrogen bond occupancy compared to lisinopril, captopril, and enalaprilat. It was convinced by the visualization process by using LigandScout 4.09.2 and PoseView on each ligand-ACE complex which showed the binding pattern similarities between the compounds and positive controls, including lisinopril, captopril, and enalaprilat. 
